Abstract Purpose: In the context of locally advanced oropharyngeal cancer (LAOC) treated with definitive radiotherapy (RT) (combined with chemotherapy or cetuximab), the aims of this study were: (1) to identify PET-FDG parameters correlated with overall survival (OS) from a first cohort of patients; then (2) to compute a prognostic score; and (3) finally to validate this scoring system in a second independent cohort of patients. Materials and methods: A total of 76 consecutive patients (training cohort from Rennes) treated with chemoradiotherapy or RT with cetuximab for LAOC were used to build a predictive model of locoregional control (LRC) and OS based on PET-FDG parameters. After internal calibration and validation of this model, a nomogram and a scoring system were developed and tested in a validation cohort of 46 consecutive patients treated with definitive RT for LAOC in Lausanne. Results: In multivariate analysis, the metabolic tumour volume (MTV) of the primary tumour and the lymph nodes were independent predictive factors for LRC and OS. Internal calibration showed a very good adjustment between the predicted OS and the observed OS at 24 months. Using the predictive score, two risk groups were identified (median OS 42 versus 14 months, p < 0.001) and confirmed in the validation cohort from Lausanne (median OS not reached versus 26 months, p Z 0.008). Conclusions: This is the first report of a PET-based nomogram in oropharyngeal cancer. Interestingly, it appeared stronger than the classical prognostic factors and was validated in independent cohorts markedly diverging in many aspects, which suggest that the observed signal was robust. ª
Introduction
Head and neck cancers (HNC) are among the most common cancers world wide (5th leading cancer by incidence) [1] . The American Joint Committee on Cancer (AJCC) staging, based on the primary tumour extension and nodal spread, is generally used to estimate the prognosis and guide therapy [2] . Based on evidencebased medicine level 1 [3] , chemoradiotherapy (CRT) is a standard treatment for non-resected or unresectable locally advanced HNC (LAHNC) [4e6] . Radiotherapy (RT) combined with cetuximab has been established as a potential alternative standard treatment, especially useful when concomitant chemotherapy cannot be used [7] . Despite these treatments, the prognosis of these cancers remains relatively poor and locoregional recurrence can occur in up to 40% patients, mostly occurring in the first 2 years after the treatment [8] , suggesting a need to better identify patients with a worse prognosis. 18 F-fluorodeoxyglucose ( 18 F-FDG) positron emission tomography/computed tomography (PET/CT) allows to quantify the metabolic activity of a tumour (glycolysis) and has become a reference tool in oncology for staging, RT planning and monitoring tumour response in many cancers [9, 10] . PET imaging allows a more accurate nodal staging of LAHNC [11, 12] and could result in changing the therapeutic management in nearly 15% of patients [13] . A PET/CT performed at 2e3 months after the end of RT AE chemotherapy allows the identification of good responders and can be useful for decision-making of neck dissection for residual neck disease [14] ; however, most of the available studies were based on visual analysis.
The maximum standard uptake value (SUV max ) corresponds to the maximal pixel value in the tumour. Thanks to its ease of use and relative robustness, it is one of the most widely used parameters in clinical practice. However, SUV max is not representative of nonhomogeneous overall tumour uptake. More recently, volumetric PET parameters, i.e. metabolic tumour volume (MTV) and total lesion glycolysis (TLG), have been correlated with clinical outcome [15e17] . Nonetheless, these parameters require to delineate the tumour. As PET imaging suffers from a low spatial resolution, along with a high noise background and partial volume effect, tumour delineation heavily depends on the chosen segmentation method. One of the most common methods consists of using an automatic threshold, although the threshold value of 42% has been suggested in many studies. However, there are no consistent data for using a specific threshold to compute MTV. Another point is the reproducibility of PET parameters between different scanners and/or institutions, as most of the studies published so far were monocentric.
In this context, the aims of our study were: (1) to identify PET parameters correlated with overall survival (OS) from a first cohort of patients (from Rennes Cancer Center, France); then (2) to create a prognostic scoring system; and (3) finally to validate this scoring system with a second independent cohort of patients (from Lausanne University Hospital, Switzerland).
Material and methods
All consecutive patients from Rennes Cancer Center and Lausanne University Hospital treated with definitive concurrent CRT or RT and cetuximab for locally advanced oropharyngeal carcinoma (LAOC) between January 2010 and December 2015 were retrospectively reviewed. Inclusion criteria were an age between 18 and 75 years, T3e4 or Nþ stage, no surgery before RT, no history of cancer, a PET performed at least 8 weeks before RT, no metastasis at diagnosis and a minimal follow-up of 6 months.
The study enrolled a total of 122 patients (76 from Rennes and 46 from Lausanne). The main patient, tumour and treatment characteristics are shown in Table  1 . All tumours were locally advanced, corresponding to T3e4 or N stage (stage III or IV, AJCC 7th edition).
Treatment and planning
All patients underwent intensity-modulated RT (IMRT) using volumetric modulated arc therapy (VMAT, Rennes) or helical tomotherapy (Lausanne). A total dose of 70 Gy 2 Gy/fraction/day, 35 fractions (Rennes) or 2.12Gy/fractions/day, 33 fractions (Lausanne) with a simultaneous integrated boost technique [18] was given in combination to concomitant chemotherapy [5, 6] or cetuximab [7] if the patients were not fit for chemotherapy. The modality of planning and treatment were the same as previously published [19] . The study was approved by the institutional ethical committees (NCT02469922).
PET/CT acquisition
All patients underwent FDG PET/CT for staging before treatment. For the training cohort (Rennes), the patients fasted at least 4 h before the injection of 4 Mbq/kg of ( 18 F)-FDG (Flucis). Blood glucose levels were checked before the injection of ( 18 F)-FDG. If not contraindicated, intravenous contrast agents were administered before CT scanning. After a 60-min uptake period of rest, patients were imaged with the Discovery PET/ CT imaging-system (General Electric Medical Systems, Milwaukee, WI, USA). First, a CT (120 kV, 80 mA, 0.8-s rotation time, slice thickness 3.75 mm) was performed from the base of the skull to the mid-thigh. PET scanning was performed immediately after acquisition of the CT. Images were acquired from the base of skull to the mid-thigh (3 min/bed position). PET images were reconstructed by using an ordered-subset expectation maximisation iterative reconstruction (OSEM) (two iterations, 28 subsets) and an iterative fully 3D (Discovery ST). CT data were used for attenuation calculation. A similar protocol was used in Lausanne; however, on a slightly more recent system, Discovery D690 TOF PET/ CT (General Electric Healthcare, Milwaukee, WI, USA), which allowed shorter acquisition (2 min/bed position). PET images were reconstructed after time-offlight and point-spread-function recovery corrections.
PET analysis
For each patient, gross tumour volume-tumour (GTV-T) and nodal GTV (GTV-N) were manually segmented on each PET/CT by the same radiation oncologist.
A set of quantitative parameters based on SUV histograms were extracted from GTV-T and GTV-N in PET images. SUV Max was first computed from GTV-T as the maximum SUV in the delineated volume. Various metabolic volumes were subsequently defined based on two segmentation methods: (i) an absolute threshold of SUV (ranging from 2.5 g/ml to 8 g/ml, 0.5 g/ml steps) or (ii) a relative threshold of SUV Max (30%, 35%, 40e60 (2% steps), 65% and 70%). Six metabolic intensity parameters were computed using the two segmentation methods at each threshold for both GTV-T and GTV-N. The four statistical moments of the intensity distribution, i.e. SUV Mean , SUV Variance , SUVSkewness, SUVKurtosis , were computed. The latter are based on the assumption that SUVs are following normal distributions within the metabolic volumes. MTV was computed as the metabolic volume of the segmented region in millilitres. TLG was computed as SUV Mean Â MTV of the corresponding thresholded region. SUV Peak was computed from GTV-T only. The latter was defined as the mean SUV inside a sphere of 1.2 cm centred on the position of SUV Max . The intersection of the sphere and the metabolic region was used when the sphere was not fully included in the metabolic volume.
Statistical analysis
OS was calculated from the first day of RT to the date of death from any cause. Patients alive at the time of analysis were censored at the date of last follow-up. Locoregional control (LRC) was calculated from the first day of RT to the date of first recurrence in primary tumour and/or lymph node. Follow-up was calculated using a reverse KaplaneMeier estimation [20] . Both LRC and OS estimations were computed using the KaplaneMeier method and two-sided log-rank test was used to compare the groups.
The analyses were performed as suggested in the TRIPOD statement [21] .
In the first step, the analysis was performed only on the Rennes cohort. The association of the pretreatment parameters with LRC and OS was first assessed using univariate Cox analyses. Harrel's c-index was used to compare different models (c-index z 0.5 / not predictive, c-index z 1 / predictive) [22] . The c-index was used to determine the optimal SUV threshold giving the most predictive value for each PET parameter.
Factors with significance of p-value <0.1 and with highest c-index after univariate analyses were assessed for multivariate Cox regression model using backward elimination. Variables were removed from the model if p > 0.1. An internal validation on the patients from the training cohort (Rennes) was performed by the bootstrap method (1000 datasets constructed by random resampling with replacement from the original) [23] . This method was used to estimate the adjusted c-index and the 95% confidence interval (95% CI) of each parameter. Second, an internal calibration was performed to estimate the accuracy of the final model.
Based on this final model, a nomogram was built to estimate the individual OS probability at 18 and 24 months. b-Coefficient estimations from the final model were used to build a predictive score. Two prognostic risk groups were identified based on the estimated optimal cut-point by Hothorn and Lausen method [24] . KaplaneMeier method was used to evaluate this score.
Finally, the multivariate Cox model and the prognostic scores were tested in the Lausanne validation cohort. Harrell's concordance index was used for the Cox model and KaplaneMeier method for the prognostic score.
All analyses were performed using R software 3.2.4 (R Development CoreTeam; http://www.r-project.org).
Follow-up
A clinical evaluation was performed after RT every 3 months for the first 2 years and then every 6 months. Database was locked on 30th May 2016.
Results

Training cohort (Rennes)
For the training cohort (Rennes), the following parameters were associated with OS in univariate Cox analyses with a p < 0.1: N stage, GTV, MTV-N, MTV-T, SUVKurtosis_N, SUVKurtosis_T, SUVMean_N, SUVSkewness_N, SUVSkewness_T, SUVVariance_T, SUVVariance_N, TLG_N and TLG_T (Table 2) .
In multivariate Cox analysis, the tumour MTV with a threshold of 35% (MTV_T_35) and the lymph node MTV with a threshold of 44% (MTV_N_44) were the two independent risk factors for OS (Table 3) (p < 0.001). The same parameters were also correlated with LRC (p Z 0.03), with a hazard ratio of 1.01 and 1.043 for MTV_T_35 and MTV_N_44, respectively.
Internal validation and calibration of the final model for the training cohort
The c-index of the model was 0.69. After internal bootstrap validation, the adjusted c-index was estimated at 0.68. The 95% CI for the coefficient of the parameters Table 2 Univariate cox analyses for overall survival in the training cohort (Rennes). For PET parameters, data are given only for absolute and relative thresholds with the highest c-index. of the model are given in Table 3 . Internal calibration showed a very good adjustment between the predicted and observed OS at 18 ( Fig. 1 ) and 24 months ( Figure E1 ).
Nomogram and prognostic score for the training cohort
Based on the final model, a nomogram was computed (Fig. 2) . A prognostic score was calculated based on the b-parameter from the Cox model. A normalisation was applied to obtain a score ranging from 0 to 5. The estimated cut-point by Hothorn and Lausen method was 1.33 (Supplementary Figure E2) . Based on this cutoff, two risk groups were identified. The median OS was 42 months (95% CI: 20e64) for the low-risk group versus 14 months (95% CI: 5e23) for the high-risk group (p < 0.001) (Fig. 3A) . The same prognostic score was used to estimate the LRC. The median LRC was not reached for the low-risk group versus 10 months for the high-risk group (p Z 0.009) (Fig. 3B) .
Comparison between the training and the validation cohort
Median follow-up for the training cohort (Rennes) and validation cohort (Lausanne) were 38 (range, 2e80 months) and 23 months (range, 3e57 months), respectively (p < 0.001). 
Evaluation of the final model and the prognostic score in the validation cohort (Lausanne)
The b-coefficients from the training model were applied to the validation cohort. The c-index was 0.76, higher than in the training cohort (0.69). The prognostic score was calculated for the validation cohort and the cut-off of 1.33 (obtained from the training cohort) was applied. The result confirmed the external validation of the model with a median OS not reached for the low-risk group versus 26 months (95% CI: 22e30) for the highrisk group (p Z 0.008) (Fig. 3C) . For the LRC, the same training model was applied to the validation cohort. The LRC at 18 months for the low-risk and the high-risk group were 96.1% and 63.1%, respectively (p Z 0.009) (Fig. 3D ).
Discussion
To our knowledge, this is the first study presenting a PET-based score allowing the prediction of the risk of death in LAOC patients. Even if there are other studies exploring the prognostic values of some PET parameters (SUV, MTV and TLG, etc.) in LAOC, none of them performed an external validation. We found that both MTV-T and MTV-N as continuous variables were major predictors of OS. Noteworthy, the classical clinical variables (T-classification, GTV [T and N], age, gender, etc) were less or not significantly predictive of patient outcome. Other established prognostic parameters (PS, AJCC staging and smoking status) were not significant in our study due to the lack of variability in the distribution of these parameters in both training and validation cohorts (more than 90% of smokers, all patients with PS 0 or 1). One limitation of our study was some missing data concerning p16 status which were available for only half of the patients, as p16 analysis was performed routinely in our centres only since 2013, and hence did not allow a full evaluation of this well-established prognostic parameter in our model. Prevalence of human papilloma virus (HPV) in oropharyngeal cancer was shown to be around 23% in Europe [25] , being higher than in our training cohort (19%) and lower than in our validation cohort (37%). The p16 status was found to be highly predictive of treatment outcomes and survival in patients with oropharyngeal cancer [26] . However, smokers with p16-positive tumour seem to have a worse prognosis than those with p16-positive tumour without history of smoking. In our study, most of the patients were smokers which may explain the lack of significance of p16. However, despite the difference in the rate of p16 status (Table 1) , the results of the external validation seem confirm that the good Table 3 Parameters associated with overall survival in multivariate analysis in the training cohort (Rennes).
Parameters
Mean predictive value of our nomogram is not influenced by the p16 status. The PET-based nomogram obtained from this score allowed the prediction of 18-and 24-month OS in this clinical setting. Three strengths of our study are noteworthy. First, we followed in our study the internationally accepted TRIPOD criteria to build our predicting factors. This is an important quality-assurance issue, reinforcing our results. Second, this is the first study showing the prognostic impact of MTV in an external validation-independent population of oropharyngeal cancer patients.
Third, we used continuous parameters instead of dichotomised variables. Dichotomisation leads to loss of power, affects the ability to detect relationships and overestimates the magnitude of the effect.
PET volumetric parameters like MTV or TLG have been used to estimate the heterogeneity of the tumour FDG uptake. Limited data were available but it showed a higher predictive value of MTV compared with more classical parameters (TNM, SUV, GTV.) [27, 28] , which is consistent with our findings. Only two studies performed a validation on an independent dataset [29, 30] . La et al. [31] included 85 patients and showed that an increase of MTV of 17 cm 3 (from the 25th to the 75th percentile) was significantly correlated with an increased risk of death (hazard ratio [HR] 2.1). The authors validated their results on a dataset of 83 patients treated in the same institution after the original dataset [30] . Despite these interesting results, the possibility of adopting their model in the clinical practice is limited by the monocentric nature of their study and by the definition of the cut-off of MTV based on populationdependent characteristics (from the 25th to the 75th percentile). Based on the results of a previous study [32] , Hofheinz et al. [29] used a cut-off of 58.7 ml for TLG. They showed a correlation of TLG only with better disease-free survival (DFS; HR 3.01, p Z 0.048) but not with OS (HR 2.02, p Z 0.22). After adjusting the cut-off at a value of 141 ml, TLG was also correlated with OS (HR 3.32, p Z 0.016). Such methodologies and findings underline the difficulty in identifying a cut-off, which may be tested and reproducibly validated on an external dataset of patients. In our study, we choose to evaluate the MTV as continuous variables and to perform an external validation without modifying the model and the score obtained from the training dataset. Important differences in age, use of cetuximab, T-classification, p16 status, tumour and nodal volume (GTV) and PET/CT scanner between the training and the validation cohorts were observed. Despite these differences, the very good predictive performance obtained with the training cohort was confirmed (and even higher) for the validation cohort. These data strongly suggest that this new scoring system seem to be robust and could be further proposed and tested for patients' selection in clinical trials to identify patients with a high risk of locoregional failure and death, potentially candidates for treatment intensification, for instance, by dose escalation with dose painting in the MTV.
Noteworthy, the reproducibility of the MTV or TLG is considered to be limited by the initial definition of these parameters, which is based on a threshold of SUV, absolute (all pixel with SUV value > threshold) or relative (all pixel with SUV value > threshold % of SUV Max ). In the study by Schinagl et al. [33] , four thresholds (2.5%, 40%, 50% and an adaptive threshold based on liver uptake) were compared for 77 patients treated by RT with or without chemotherapy. The authors found that 40% MTV was the strongest predictor of DFS and OS. However, also all the other thresholds were correlated with OS and DFS. Same results were reported on a population of 118 patients using three thresholds of MTV (2, 2.5 and 3) [34] . In our study, we evaluated 11 different absolute thresholds (from 2.5 to 8) and 15 relative thresholds (from 30% to 70%). All relative thresholds between 30% and 60% were correlated with OS, confirming the robustness of the MTV as a predictor factor, regardless the threshold chosen. However, based on p-value and c-index, the relative thresholds of 35% for the tumour and 44% for the lymph nodes were the best predictors of OS. The tumour MTV was nearly significant in the final model (p Z 0.052). However, the final model (combination of both tumour and lymph node MTV) was highly significant (p < 0.001) and using tumour MTV increased the cindex of the model to 0.69 versus 0.64 for lymph node MTV alone. The combination of these two parameters probably takes into account the risk of death by local relapse (primary tumour) and by metastasis (lymph node), both with a different weight in the final model.
Conclusion
MTV as a continuous variable was a strong prognostic factor for OS in LAOC patients treated with CRT or RT þ cetuximab. We defined, and successfully validated on an independent dataset, a PET-based predictive score and nomogram that need to be further tested in larger prospective series to define their potential interest for tailoring the therapeutic approach. 
